We present a new method to measure neutrino masses using the dark matter-neutrino relative velocity. The relative motion between dark matter and neutrinos results in a parity-odd bispectrum which can be measured from cross correlation of different cosmic fields. This new method is not affected by most systematics which are parity even and not limited by the knowledge of optical depth to the cosmic microwave background. We estimate the detectability of the relative velocity effect and find the minimal sum of neutrino masses could be detected at high significance with upcoming surveys.
Introduction.-Neutrino mass is one of the unsolved problems of fundamental physics. While the mass square splittings have been measured by solar neutrino and atmospheric neutrino experiments, the absolute neutrino masses are not measured, rendering neutrinos the only particles with unknown masses in the Standard Model of particle physics [1] . Many of neutrino properties including mass hierarchy and chirality, i.e., whether neutrinos are Majorana or Dirac particles, also remain unknown. Precision measurement of these properties can provide valuable insights into particle physics and neutrino cosmology, as well as test possible scenarios of the early Universe [2] .
Cosmological observations can probe the sum of neutrino masses, complementary to terrestrial experiments. Massive neutrinos with large thermal velocity dispersion suppress the amplitude and growth rate of cosmological structures below the neutrino free-streaming scale, leading to a distinct suppression of the total matter power spectrum on small scales [3] [4] [5] . Combining the primary cosmic microwave background (CMB) anisotropies and CMB lensing observations, the latest Planck Collaboration result yields a constraint on the sum of neutrino masses m ν < 0.12 eV [6] . The next-generation surveys, e.g., DESI [7] , LSST [8] , CMB-S4 [9] , aim to improve the constraints to resolve the minimal mass of ∼ 0.06 eV by mapping the distribution of mass and galaxies in the late Universe. However, the measurement of neutrino masses from the suppression of small-scale power relative to the primary CMB is limited by the precision of optical depth to the CMB if the current measurement from Planck satellite is not improved [9] [10] [11] .
Moreover, the forecasts of neutrino mass constraints rely on the assumption of perfect knowledge of cosmological dynamic fields, e.g., galaxy clustering and matter distribution in the Universe. However, the theoretical description is not perfect and a number of theoretical errors always exist [12] . The nonlinear dynamics between collisionless cold dark matter (CDM) and neutrino can in principle be simulated with high precision, but the challenge is to disentangle the small neutrino effect which is a few percent level suppression of the power spectrum around nonlinear scales from the complex and poorly understood baryonic effects. The significant degeneracy of neutrino contribution to power spectrum with galaxy bias parameters including higher order biases requires a much better understanding of baryonic physics to obtain a significant detection of minimal neutrino mass, especially when the power spectrum shape information is used in the analysis [13, 14] . The crosscorrelation of galaxy clustering and lensing has the potential to be less sensitive to systematics but it is found that the constraints only benefit mildly from the cross power spectrum [10, 14, 15] . Other possible unknown systematics beyond the standard ΛCDM cosmology including nonzero curvature, dynamical dark energy, modified Einstein gravity, interactions in the dark matter sector, etc, will also affect neutrino mass constraints, where the observation of combined effects can only be ascribed to the effect of massive neutrinos. However, even assuming a perfect theoretical model without systematic errors, the combination of LSST and CMB-S4 can only make a 3−4σ detection of the minimal neutrino mass. Therefore, there is clear and strong motivation to explore new effects and novel methods which can provide additional information to further improve the total signal to noise.
The principal effect of cosmic neutrinos on the largescale structure considered by most neutrino measurement methods is caused by the relative clustering of neutrinos compared to CDM and baryons below the neutrino freestreaming scale. Recently the relative velocity between CDM and neutrinos has been proposed as a new probe of neutrino masses [16] . The relative advection between the initial coherent CDM and neutrino density causes a dipole contribution to the local correlation of CDM and neutrinos [16] . On nonlinear scales, neutrinos become gravitationally focused into wakes as they flow over dark matter halos, further increasing the strength of the dipole clustering of neutrinos around high CDM density regions [17, 18] . However, the computation of dipole correlation usually only uses the direction of the CDM-neutrino relative velocity and therefore is likely to be affected by the Convolution of the CDM density δc with a Gaussian window gives the density δ ν , and a similar relation applies to the density δ c and the neutrino density δν . The observable CDM density δc and neutrino density δν are displaced by ψcν .
halo-CDM or baryon-CDM relative flows [19] . In this Letter, we propose a new method to measure individual neutrino masses from the effect of CDM-neutrino relative velocity and estimate the detectability of the neutrino signal with upcoming surveys. Relative velocity.-Neutrinos and CDM are expected to have a bulk relative velocity, v νc = v ν − v c and v νc = − v cν , due to the free streaming of neutrinos over large scales reducing the bulk motion of neutrinos. The relative displacement between neutrinos and CDM is thus
that is an integral of velocity over the conformal time.
We can define the CDM coordinates x c and neutrino coordinates x ν , related by the displacement ψ cν ,
in analogy to the Lagrangian space q and Eulerian space x in Lagrangian perturbation theory. Note that the neutrino displacement ψ ν is the effective displacement of the neutrino fluid elements instead of the real displacement of neutrino particles. The neutrino-CDM relative displacement leads to the advection of initially concurrent CDM and neutrino densities, reducing the correlation between these two fields, which is the same principle as the decorrelation of the Eulerian nonlinear displaced field with the Lagrangian linear initial conditions due to large infrared displacements (see Ref. [20] for a recent discussion). Therefore, the CDM and neutrino densities are not completely in phase below the free-streaming scale. Figure 1 shows a intuitive picture of the CDM-neutrino relative flow. The observable CDM density δ c and neutrino density δ ν are related by ψ cν . Smoothing the real CDM density δ c with a Gaussian window gives the density δ ν , which is still fully correlated with δ c and has a smaller power spectrum amplitude, while deconvolving the Gaussian window from δ ν gives the density δ c .
We wish to relate the CDM density field ρ c ( x c ) to its density ρ c ( x ν ) in the neutrino coordinates or the neutrino rest frame. From the mass conservation, we have
Combining above equations and keeping only the leading order terms, we find that
where the ψ νc · ∇δ c term comes from the mapping of the CDM overdensity from x ν to x c and the ∇ · ψ νc term comes from the Jacobian |d
The CDM density field written in neutrino coordinates δ c ( x ν ) is completely in phase with the neutrino density δ ν ( x ν ) with unity correlation coefficient on all scales. Equivalently, we have
where the neutrino density field in the CDM rest frame δ ν is completely correlated with the CDM density δ c . We denote by prime the corresponding density fields in the other coordinates. We can use either the CDM or the neutrino rest frame to compute the observable quantities as long as we express the fields in the same coordinate frame. As we see, the relative bulk flow of the neutrino and CDM fluids leads to asymmetric matter distribution in the total matter density field along the direction of the CDM-neutrino relative velocity [16] [17] [18] [19] . The displacement field is dominated by the linear contribution. Then the relative displacement is given by
where φ cν is the scalar potential. Here the CDM-neutrino relative displacement field is basically a high-pass filtered linear CDM displacement field since neutrinos move with CDM on large scales [21] . We plot the power spectrum of ψ cν for different neutrino masses in Fig. 2 . As ψ cν should be much smaller than the full CDM displacement, we can treat ψ cν perturbatively in the computation. From Eq. (5), we see that in the CDM frame the relative flow introduces additional shift nonlinearities in the neutrino density field δ ν , which is completely correlated with the CDM density δ c . This extra shift term ψ cν · ∇δ ν is also orthogonal to the original neutrino density δ ν and hence the CDM density δ c , i.e., the cross power spectrum
This is because the nonzero contribution to cross power comes from the connected part of ψδδ that is very small since the nonlinear contribution to displacement is negligible although here densities are both striking nonlinear fields. Even the connected part vanishes by parity in the averaged cross power spectrum. The relative velocity contributes to the auto power spectrum as ( ψδ) 2 , which is also a second order effect. Therefore, we find that at linear order the effect of relative velocity vanishes at the power spectrum level.
We now consider the off-diagonal part of the covariance of δ c ( k) and δ ν ( k ), where the diagonal part is just the cross power spectrum. The Fourier transform of the CDM density field is
where k = 0. Correlating with δ ν ( k ), we obtain
where k + k = K and K = 0. In Fourier space, the effect of relative bulk flow manifests itself as correlations between modes with k = k , where the CDM-neutrino cross correlation couples to a longitudinal vector field ∇φ cν . A key point is that the coupling coefficient is antisymmetric in the exchange of δ c and δ ν , i.e., if we instead use the CDM coordinates, we obtain
Thus the off-diagonal part of the covariance is antisymmetric, i.e., δ c (
, because the effect of the relative velocity is parity-odd under reflection in the relative velocity direction. We find that the relative flow between CDM and neutrinos causes an extra shift term in the density fields which otherwise will have the same phases on all scales. In Fourier space, simply scaling the CDM density δ c ( k) by the linear transfer function T ν (k)/T c (k) gives the neutrino density δ ν ( k) = δ c ( k)T ν (k)/T c (k), which still differs from the real neutrino density field δ ν ( k) by a phase factor depending on the local values of the CDM-neutrino relative displacement. This is a new effect of neutrinos on the large-scale structure of the Universe other than the suppression in the amplitude and the growth rate of matter perturbations, while most current studies of neutrinos focus on the difference between power spectrum amplitudes and usually assumes neutrinos and CDM are completely in phase [22] [23] [24] [25] .
Because the relative displacement between the baryon and CDM fluids is very small, baryons and CDM should be fully correlated to much smaller scales where the baryonic processes become important. We thus expect this relative velocity effect to be much less sensitive to the effects of baryons than the relative clustering effect. The orthogonality of the new shift term to the original CDM and neutrino density fields and the antisymmetrical property make it possible to separate the neutrino effect from other non-Gaussian signals.
Cross correlation.-To measure the effect of relative displacement between neutrinos and dark matter, we need tracers to be sensitive to neutrinos and dark matter differently. Galaxies are known to be biased to the dark matter overdensity,
where b is the galaxy bias and g is the stochastic noise term [26, 27] . This is an approximation for the galaxy response with massive neutrinos, but accurate enough for the scales considered here [24, 28] . Gravitational lensing and peculiar velocities are sensitive to the total matter field
where f c = Ω c /(Ω c + Ω ν ), f ν = Ω ν /(Ω c + Ω ν ) and m is the stochastic noise term and we rewrite the neutrino density using the CDM coordinates. The relative velocity induces a bispectrum of the form ψ( K)δ( k )δ( k) . Thus we can build a quadratic estimator for the relative displacement field ψ cν ( K) by summing over pairs of δ g ( k)δ m ( k ) in analogy to CMB lensing. Here the density modes are strongly nonlinear and have a large contribution δ( K)δ( k)δ( k ) to the bispectrum, which is symmetric in k, k and parity-even in K. Since the relative displacement bispectrum is antisymmetric in k, k and parity-odd in K, it is orthogonal to bispectra produced by other nonlinearities. The parity-even signals can be removed using the antisymmetric combination of schematic form
. Because the two fields have very correlated signals bδ c and f c δ c +f ν δ ν , we can also orthogonalize δ m with respect to δ g and obtain
where the stochastic term is about ⊥ m = m − g /b, such that the parity-even nonlinearities are removed [20] . We can also infer the neutrino effect from galaxies of different types. While the relation between halos and CDM depends on the halo mass, the neutrino effect from gravitational interaction is insensitive to halo mass due to the equivalence principle. Neutrinos cluster on large scales and enhance the clustering of total matter. The part of neutrino density which is out of phase with CDM density leads to a shift term in the halo density, which is about f ν ψ cν · ∇δ ν up to a coefficient of order one [18] . If the fraction size of the neutrino effect and CDM overdensity is different between two halo fields, we can combine them in a similar way as δ g and δ ⊥ m such that the neutrino effect and CDM density are orthogonal to each other [20] . For simplicity, we refer δ g as tracers of CDM overdensity δ c and denote by δ ⊥ m the neutrino shift field after orthogonalization.
The quadratic estimator can be written in the form
where
. The weights W ( k, k ) can be solved by minimizing the variance of the estimator subject to the constraint ψ cν ( K) = f ν Kφ cν ( K). The noise power spectrum of the quadratic estimator is given by
. (15) In Fig. 2 , we show the power spectra of relative displacement fields for different neutrino masses computed using the CLASS code [30] . We see that the power spectrum shape depends on the value of individual neutrino mass. The lighter neutrinos have larger relative displacements and more power on large scales. Heavier neutrinos are easier to follow the CDM motion, leading to less power on large scales. However, the amplitude of measured relative displacement field f ν ψ cν using quadratic estimator depends on the neutrino mass hierarchy which is related to the neutrino mass fraction f ν . For example, the measured amplitude will twice as large for an inverted neutrino mass hierarchy than the normal hierarchy and enhance the possibility of detection although they have similar individual neutrino masses.
Observability.-To measure the small neutrino effect, we need to construct relative displacement templates for different neutrino masses, including both the amplitude and phase information of a field. The CDM displacement field itself can be obtained by recently developed nonlinear reconstruction algorithms (e.g. [31] [32] [33] ). The relative displacement can be reconstructed by applying the transfer function which depends on the neutrino mass [21] . Correlating the displacement field templates with the signal measured using quadratic estimator, we are actually constructing the optimal bispectrum estimator of ψ cν δ c δ ν [34] . We can perform a matched-filtering search using these relative displacement templates with different fiducial neutrino masses. The total signal-to-noise ratio reaches its maximum with the optimal relative-displacement template that gives the best-fit individual neutrino mass. The significance of detection is quantified by the total signal-to-noise ratio,
where V is the survey volume. In any detection of this parity-odd bispectrum, the uncertainty in the neutrino mass fraction f ν , and thus the error, is proportionate to the significance of detection; i.e., for a 5σ detection, the measurement corresponds to a 20% constraint on the neutrino mass fraction f ν . In principle, we can measure both the individual neutrino mass and the sum of neutrino masses using the relative velocity effect given we know the fraction size of neutrino effect and CDM overdensity for a specific field. Future surveys will map the observable Universe with high precision, resolving the distribution of matter and galaxies down to nonlinear scales of k ∼ 1 hMpc −1 . The observed CDM density field is dominated by cosmic variance instead of shot noise. The ability to constrain neutrino masses relies on the noise level of neutrino density field or the neutrino shift term which is of order ∼ f ν δ ν . For the minimal neutrino mass ∼ 0.06 eV, the neutrino mass fraction f ν is about 5 × 10 −3 . The observed signal depends on the neutrino and CDM biases of the fields if using two different populations of galaxies. These require more detailed studies using precision neutrino simulations. Figure 3 shows the requirement of 5σ detection as a function of survey volume and noise level of the neutrino shift term field. For comparison, we also plot the curve withnV = 10 6 , 3 × 10 7 , 10 9 , which roughly correspond to SDSS, DESI experiment and Billion Object Apparatus [35] , respectively. For normal hierarchy, we need V /P ⊥ m ∼ 3.6 × 10 8 to have a 5σ detection. The signal would be twice as large for inverted hierarchy which only needs V /P ⊥ m ∼ 9 × 10 7 . For quasi-degenerate case with m ν = 0.10 eV × 3, we have V /P ⊥ m ∼ 1.5 × 10 6 . For DESI withnV ∼ 3 × 10 7 , we can already obtain a constraint σ(m ν ) = 35 meV, which is slightly better than the optimistic DESI forecasted constraints on neutrino masses but exploits different sources of information in the observed cosmological fields and is not limited by the optical depth information. The numbers presented here can also be interpreted as noise for total matter field. In this case, we need a cosmic variance dominated measurement of total matter field to scale about k ∼ 1 hMpc
with V ∼ (3 Gpc/h) 3 , which can be achieved by the combination of weak lensing measurement from LSST and peculiar velocities probed by CMB-S4 [34] .
Discussion.-The relative velocity is a new effect from the neutrino free streaming over large scales, providing information orthogonal to the relative clustering effect. In the approach based on power suppression, if baryon physics, scale-dependent bias, and other previously mentioned systematics induce a variation of small scale power spectrum at percent level, it can completely swamp the neutrino signal. In the new method using relative velocity, these effects including optical depth will only change the measured bispectrum also at the percent level. The impact on the inferred neutrino mass would only be proportionate to any such changes, unlike for total power measurements where any uncertainty in bias is amplified by two orders of magnitude or more. The parity-odd nature also makes it possible to be separated from other parity-even non-Gaussian signals [36, 37] .
The baryon-CDM relative velocity and galaxy velocity bias can generate similar features in the cross-correlation of cosmological fields [38] [39] [40] [41] [42] [43] [44] . However, the velocity bias is severely constrained by the equivalence principle [44] . On scales where neutrinos flow relative to the underlying matter field, the baryons and galaxies move with CDM together, except on very small scales where baryon physics becomes important [43] . And the relative velocity between baryons and CDM should not correlate with the neutrino-CDM velocity as it origins from nonlinear feedback processes. However, measuring the CDM-neutrino dipole signal only uses the direction of the relative velocity, therefore the measured dipole signal also includes halo-CDM and baryon-CDM dipole which is degenerate with the small neutrino effect [19] .
The detectability of the relative velocity effect depends on the fractional size of neutrino signal and CDM contribution of a cosmic field. The effect of neutrinos on the matter power spectrum amplitude has been studied in detail using analytical methods and simulations, while the effect of neutrinos on the phases of different fields is less explored. To obtain robust and unbiased constraints on neutrino masses, we need to measure the gravitational effects of nonlinear neutrino clustering for different halos with high precision N -body simulations including both neutrino and CDM particles [45] [46] [47] . The forecasted result presented here assumes that the noises are isotropic. A more detailed investigation about how to optimally combine various probes of the total matter field like gravitational lensing, peculiar velocities [34] , tidal field [48] , etc is necessary to obtain more detailed requirements for future surveys. We plan to investigate these in future.
In conclusion, we propose a new method to measure neutrino masses with the anisotropic CDM-neutrino correlation arising from the relative flow between CDM and neutrinos. The new method avoids most systematics which have significant influences on measuring small scale power spectrum and is not limited by the precision of optical depth. Future surveys can detect the minimal sum of neutrino masses with high significance using the new method.
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